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(567)  According to the present invention, provided is
a laser processing device, including: an irradiation de-
vice, and a control device. The irradiation device is con-
figured to process one or more target layers sequentially
from the workpiece by irradiating the target layers with a
pulse laser beam having a pulse width of less than 10
picoseconds at a predetermined low fluence, and to re-

moving a protrusion generated on a surface of the target
layers by irradiation with the pulse laser beam at a high
fluence higher than the low fluence. The control device
includes a switching unitand a switching condition setting
unit. The switching unit switches the pulse laser beam
output from said irradiation device between the low flu-
ence and the high fluence based on switching conditions.
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Description
Technical Field

[0001] The presentinventionrelatestoalaserprocess-
ing device.

Background Art

[0002] When a workpiece is irradiated with an ul-
trashort pulse laser having a pulse width on the order of
equal to or less than a single picosecond, a material in
an irradiated portion is non-thermally dispersed and re-
moved (ablation). Ultrashort pulse laser processing uti-
lizing such a phenomenon enables fine processing in an
atom-sized order and also enables high-quality process-
ing of a variety of materials because its thermal influence
on the surrounding area of the irradiated portion is small.
Patent Literature 1 discloses a method for manufacturing
a diamond die for a wire electrode used in wire electrical
discharge machining, which enables the formation of a
die hole with high surface precision in a short time by
processing using a femtosecond laser.

Citation List
Patent Literature

[0003] [Patent Literature 1] JP-B-6340459

Summary of Invention
Technical Problem

[0004] When a portion of the workpiece is divided into
aplurality of target layers having a predetermined remov-
al amount, and the target layers are sequentially proc-
essed by the irradiation with an ultrashort pulse laser, a
protrusion having a substantially elliptical cross section
may be generated on the surface of the target layers
during processing. The generation of such protrusions
has been observed in avariety of materials including met-
als and resins. Furthermore, once the protrusion is gen-
erated, the protrusion grows as the processing of the
target layers progresses. Thus, this may cause a de-
crease in processing quality, especially in the processing
of a relatively deep bottomed hole and the like.

[0005] Itis possible to suppress the generation of the
protrusion by irradiating ultrashort pulse laser at a high
fluence much higher than a lower limit of fluence required
for target layers (the lower limit is also referred to as a
"laser ablation threshold value"). However, processing
at such a high fluence may increase a thermal effect on
the material and may reduce a surface precision of the
processed surface.

[0006] The present invention has been made in view
of such circumstances, and an object of the present in-
vention is to provide a laser processing device that ena-
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bles more precise processing using an ultrashort pulse
laser.

Solution to Problem

[0007] According to the present invention, provided is
a laser processing device comprising: an irradiation de-
vice; and a control device, wherein the irradiation device
is configured to sequentially process one or more target
layers in a workpiece by irradiating the target layers with
a pulse laser beam having a pulse width of less than 10
picoseconds at a predetermined low fluence; and to re-
move a protrusion generated on a surface of the target
layers by irradiating the protrusion with the pulse laser
beam at a high fluence higher than the low fluence, the
control device includes a switching unit and a switching
condition setting unit, the switching unit switches fluence
of the pulse laser beam from the irradiation device be-
tween the low fluence and the high fluence based on a
switching condition, the switching condition setting unit
sets the switching condition based on condition of the
workpiece.

Advantageous Effects of Invention

[0008] The laser processing device of the present in-
vention is configured to switch the fluence of the pulse
laser beam between the low fluence and the high fluence
based on the switching condition. When the protrusion
is generated on the surface of the target layers, the pro-
trusion can be removed by switching to the high fluence
and irradiating the protrusion. After the protrusion is re-
moved, the fluence is switched to the low fluence and
the target layers continue to be processed at the low flu-
ence. This can minimize the processing at the high flu-
ence and reduce degradation of the precision of the proc-
essed surface due to the thermal effect.

[0009] Hereinafter, various embodiments of the
present invention will be exemplified. The embodiments
described below can be combined with each other.
[0010] Preferably, the laser processing device, further
comprises: an imaging device configured to acquire an
image of the target layers; and an image processing de-
vice configured to analyze the image to detect the pro-
trusion on the surface of the target layers, wherein the
switching unit switches the pulse laser beam between
the low fluence and the high fluence based on a detection
result of the protrusion.

[0011] Preferably, the image processing device ana-
lyzes the image to acquire area or the number of the
protrusion on the surface of the target layers.

[0012] Preferably, the switching condition setting unit
sets the number of target layers to be processed at the
low fluence and the number of target layers to be proc-
essed at the high fluence as the switching condition, and
the switching unit switches the pulse laser beam from
the low fluence to the high fluence based on the number
of the target layers to be processed at the low fluence,
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and switches the pulse laser beam from the high fluence
to the low fluence based on the number of the target
layers to be processed at the high fluence.

[0013] Preferably, the switching condition setting unit
sets a low fluence processing depth and a high fluence
processing depth as the switching condition, and the
switching unit switches the pulse laser beam from the
low fluence to the high fluence based on the low fluence
processing depth and switches the pulse laserbeam from
the high fluence to the low fluence based on the high
fluence processing depth.

[0014] Preferably, the irradiation device is configured
to perform irradiation with the pulse laser beam at a first
high fluence and at a second high fluence as the high
fluence, the second high fluence being lower than the
first high fluence, and the switching unit is configured to
switch the fluence of the pulse laser beam from the irra-
diation device between the low fluence, the first high flu-
ence, and the second high fluence based on the switching
condition.

[0015] Preferably,the control device includes afluence
setting unit, the fluence setting unit sets each value of
the high fluence and the low fluence based on a process-
ing condition, and the processing condition includes ma-
terial of the workpiece.

[0016] Preferably, the processing condition further in-
cludes a scanning speed and a repetition frequency of
the pulse laser beam.

[0017] Preferably, each of the target layers includes a
first region and a second region, the first region being a
region adjacentto an edge of the each ofthe target layers,
the second region being a different region from the first
region, a spot diameter of the pulse laser beam applied
to the first region is smaller than a spot diameter of the
pulse laser beam applied to the second region, and the
pulse laser beam applied to the first region and the pulse
laser beam applied to the second region are set to have
equal fluence.

[0018] Preferably, the target layers are formed of alloy
steel containing an inclusion in a base material, and the
high fluence is equal to or greater than a laser ablation
threshold value of the inclusion.

[0019] Preferably, the irradiation device includes a la-
ser oscillator, and the laser processing device is config-
ured to switch the fluence of the pulse laser beam be-
tween the low fluence and the high fluence by changing
output pulse energy of the laser oscillator.

[0020] Preferably, the laser processing device is con-
figured to switch the fluence of the pulse laser beam be-
tween the low fluence and the high fluence by changing
a spot diameter of the pulse laser beam.

Brief Description of Drawings
[0021]

Fig. 1 is a schematic configuration diagram of a laser
processing device 1 according to an embodiment of
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the present invention.

Fig. 2A is a schematic configuration diagram of a
control device 8 of the laser processing device 1.
Fig. 3A is a plan view of a workpiece 10 to be proc-
essed by the laser processing device 1.

Fig. 3B is a cross-sectional view of the workpiece 10
taken along an A-A line in Fig. 3A.

Fig. 4A to Fig. 4C are cross-sectional views in which
target layers of the workpiece 10 are processed by
the laser processing device 1.

Fig. 5A and Fig. 5B are cross-sectional views show-
ing the removal of protrusions 20 on a target layer
L, by the laser processing device 1.

Fig. 6 is a flow diagram of a processing method using
the laser processing device 1 of the embodiment of
the present invention.

Fig. 7 is a diagram to describe irradiation of a pulse
laser beam 71 in the modification 4.

Fig. 8A is an image of a processed surface of a bot-
tomed hole 10a formed in Example 1 and was ob-
tained by imaging the bottomed hole 10a from above.
Fig. 8B is an image of a processed surface of the
bottomed hole 10a formed in Comparative Example
1 and was obtained by imaging the bottomed hole
10a from above.

Fig. 9A is an image of a processed surface of the
bottomed hole 10a formed in Comparative Example
2 and was obtained by imaging the bottomed hole
10a from above.

Fig. 9B is an enlarged image of a region B in Fig. 9A.

Description of Embodiments

[0022] Hereinafter, the embodiments of the presentin-
vention will be described with reference to the drawings.
The characteristic matters shown in the embodiments
described below can be combined with each other. More-
over, each characteristic matter independently consti-
tutes an invention.

I. Laser Processing Device 1

[0023] As shown in Fig. 1, alaser processing device 1
of this embodimentirradiates a workpiece 10 with a pulse
laser beam 71 having a pulse width of less than 10 pico-
seconds and processes the workpiece 10 into a desired
shape by dispersing the material at the irradiated point.
The laser processing device 1 incudes a laser oscillator
2, an optical system 3, a scanning device 4, a beam split-
ter 51, a condensing lens 52, an imaging lens 53, an
imaging device 91, an image processing device 92, and
a control device 8.

[0024] The laser oscillator 2 converts a laser beam os-
cillated from a laser source (not shown) into the pulse
laser beam 71 having a pulse width of less than 10 pico-
seconds and outputs it after adjusting its pulse energy
into a predetermined value. In this regard, the pulse width
refers to the time width per pulse of the pulse laser beam
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71. The optical system 3 adjusts a beam diameter of the
pulse laser beam 71 output from the laser oscillator 2 by
means of a built-in lens (not shown). The optical system
3 can be configured using, for example, a beam expand-
er.

[0025] In the processing using the pulse laser beam
71, a target portion of the workpiece 10 is divided into
one or more target layers along its depth direction, and
the target layers are processed sequentially from a top
surface side to process the workpiece 10 into the desired
shape. The scanning device 4 two-dimensionally scans
the pulse laser beam 71 on each target layer of the work-
piece 10. The scanning device 4 includes a first galva-
nometer mirror 41, a second galvanometer mirror 42, and
actuators (not shown) that control the operation of the
galvanometer mirrors 41, 42, respectively. The pulse la-
ser beam 71 output from the optical system 3 is scanned
in afirstdirection, which is a horizontal one-axis direction,
by being reflected by the first galvanometer mirror 41,
and is scanned in a second direction, which is another
horizontal one-axis direction orthogonal to the first direc-
tion, by being reflected by the second galvanometer mir-
ror 42. Consequently, a predetermined point of the target
layer is irradiated with the pulse laser beam 71, and the
material at the irradiated point is removed. In this regard,
the scanning system of the pulse laser beam 71 by the
scanning device 4 is notlimited to the galvanometer scan-
ning system described above. For example, another
available scanning system may be configured to drive
the table on which the workpiece 10 is placed and to scan
the pulse laser beam 71 against the workpiece 10 moving
with the table, and yet another available scanning system
may scan the pulse laser beam 71 against the workpiece
10 by driving the laser oscillator 2.

[0026] The beam splitter 51 is configured to reflect the
pulse laser beam 71 output from the scanning device 4
and to transmit reflected light 72 from the workpiece 10.
The beam splitter 51 is positioned along an optical path
of the pulse laser beam 71 output from the scanning de-
vice 4, between the condensing lens 52 and the imaging
lens 53 along the vertical direction. As a result, the pulse
laser beam 71 output from the scanning device 4 is re-
flected by the beam splitter 51 and is applied to the work-
piece 10 through the condensing lens 52. The reflected
light 72 from the workpiece 10 passes through the beam
splitter 51 and reaches the imaging device 91 via the
imaging lens 53.

[0027] The condensing lens 52 is positioned below the
beam splitter 51, and the condensing lens 52 adjusts the
beam diameter of the pulse laser beam 71 output from
the scanning device 4. The condensing lens 52 can be
configured using an objective lens. The beam diameter
is adjusted by the optical system 3 and the condensing
lens 52, so that it becomes possible to irradiate the target
layers with the pulse laser beam 71 with a predetermined
spotdiameter (the beam diameter of the pulse laser beam
71 at the irradiated point on the target layers). The im-
aging lens 53 is positioned above the beam splitter 51
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and focuses the reflected light 72 from the workpiece 10
to form an image on the imaging device 91.

[0028] In addition, a beam spliting element (not
shown) may be further disposed between the beam split-
ter 51 and the condensing lens 52 or below the condens-
ing lens 52 to split the pulse laser beam 71 into a plurality
of sub-beams. The use of the beam splitting element re-
duces the total processing time for processing a plurality
of predetermined shapes.

[0029] The imaging device 91 acquires images of the
target layers of the workpiece 10. The imaging device 91
is positioned above the condensing lens 52, thereby ac-
quiring images of the target layers viewed from above.
The imaging device 91 may be configured with, for ex-
ample, a CMOS camera or a CCD camera. In addition,
an illumination device such as an LED light may be used
as needed to illuminate the workpiece 10 during imaging
by the imaging device 91.

[0030] The image processing device 92 analyzes the
image of the target layers acquired by the imaging device
91 to detect protrusions 20 on a surface of the target
layers. In this embodiment, the image processing device
92 is configured to analyze the image so as to calculate
the number of the protrusions 20 or area thereof on the
surface of the target layers. Specifically, after making ap-
propriate corrections to the image acquired by the imag-
ing device 91, a binarization process is performed to dis-
tinguish the portion on the surface of the target layers
where the protrusions 20 are present from the other por-
tion (i.e., in the other portion, the protrusions 20 are not
present, and the surface of the target layers itself is ex-
posed). Normally, on the surface of the target layers, the
portion where the protrusions 20 are present appears
brighter in the image than the other portion. Using this
difference in brightness in the image, the binarization
process distinguishes the portion with protrusions 20
from the other portion on the surface of the target layers.
[0031] The binarization process is preferably per-
formed on a pixel-by-pixel basis in the image, or on a
cell-by-cell basis in which the image is divided into a grid.
For example, the binarization process is performed on a
pixel-by-pixel basis in the image, and the areas where
the protrusions 20 are present are labeled as white and
the other areas as black. Then, the pixels that are labeled
white and have outer edges at least partially overlapping
each other are grouped to define one or more regions,
and the number of such regions can be used as the
number of protrusions 20. Alternatively, the number of
pixels labeled white can be counted to multiply the count-
ed number by the area of one pixel, and this multiplied
value can be used as the area of the portion where the
protrusion 20 is present on the surface of the target lay-
ers.

Il. Control Device 8

[0032] The control device 8 is configured to control the
above components of the laser processing device 1. The
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following description will focus on the control operations
of the control device 8 that are relevant to the present
invention. As illustrated in Fig. 2, the control device 8
includes an input unit 81, a numerical control unit 82, and
an irradiation control unit 83.

[0033] Inthisregard, each of the following components
may be realized by software or hardware. When realized
by software, various functions can be realized by CPU
executing computer programs. The program may be
stored in a built-in memory or a non-transitory computer-
readable storage medium. Alternatively, the above func-
tions may be realized by reading the program stored in
an external memory using so-called cloud computing.
When realized by hardware, the above functions can be
performed by various circuits such as ASIC (Application
Specific Integrated Circuit), FPGA (Field Programmable
Gate Array), or DRP (Dynamically Reconfigurable Proc-
essor). In this embodiment, various information and con-
cepts including this information are dealt with. The infor-
mation and concepts can be represented as a bit group
of binary numbers having 0 or 1 according to the level of
signal value, and communication and calculation can be
executed according to configurations of the above soft-
ware and hardware.

[0034] A CAD device 93 and a CAM device 94 are in-
stalled outside the control device 8. The CAD device 93
is configured to create three-dimensional shape data
(CAD data) representing the processed shape and di-
mensions of the workpiece 10. The CAM device 94 is
configured to create operation procedure data (CAM da-
ta) of the laser processing device 1 when processing the
workpiece 10. The CAM data include, for example, data
on irradiation positions of the pulse laser beam 71 on
each of the target layers, and data on various settings
related to the pulse laser beam 71.

[0035] The input unit 81 is a device for the operator to
input information necessary for various processing in the
numerical control unit 82, and can be configured by, for
example, a touch panel, a keyboard, or a mouse. The
input information includes, for example, material of the
workpiece 10, a scanning speed of the pulse laser beam
71, arepetition frequency of the pulse laser beam 71 (the
number of pulses generated per unit time), etc. The input
information is sent to the numerical control unit 82.
[0036] The numerical control unit 82 generates oper-
ation commands for each component of the laser
processing device 1 by processing the CAM data and
the input information from the input unit 81 using a nu-
merical control program. The numerical control unit 82
includes an arithmetic unit 84 and a memory unit 85.
[0037] The arithmetic unit 84 generates the operation
commands for each component of the laser processing
device 1 using the numerical control program stored in
the memory unit 85. The arithmetic unit 84 includes a
switching condition setting unit 86, a fluence setting unit
87, and a switching unit 88.

[0038] The switching condition setting unit 86 sets a
switching condition for switching the fluence of the pulse
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laser beam 71 based on condition of the workpiece 10.
In this embodiment, the pulse laser beam 71 at a rela-
tively low fluence (a low fluence FL) is used when
processing the target layers on the workpiece 10, and
the pulse laser beam 71 at a higher fluence (a high flu-
ence FH) than the low fluence FL is used when removing
the protrusions 20 generated on the surface of the target
layers. The "fluence" refers to the amount of energy per
unit area at an irradiation spot of the pulse laser beam
71, and the "fluence" in the present invention refers to a
fluence of the pulse laser beam 71 at an irradiation spot
on the target layers. The switching condition setting unit
86 sets the condition for switching the fluence of the pulse
laser beam 71 between the low fluence FL and the high
fluence FH.

[0039] The condition of the workpiece 10 includes, for
example, the material of the workpiece 10. In this em-
bodiment, the switching condition setting unit 86 sets a
threshold value for the number or the area of protrusions
20 generated on the surface of the target layers, based
on the condition of the workpiece 10. For example, a
relationship between the condition of the workpiece 10
and the threshold value is stored in the memory unit 85
as a database or a numerical control program, and the
threshold value can be set by the switching condition
setting unit 86 reading a corresponding value from the
database or the numerical control program according to
the information of the material of the workpiece 10 in-
cluded in the input information.

[0040] The fluence setting unit 87 sets each value of
the low fluence FL and the high fluence FH based on a
processing condition. For example, the memory unit 85
may store a database or a numerical control program for
optimal values of the low fluence FL and the high fluence
FH corresponding to the processing condition, and the
fluence setting unit 87 reads out a corresponding value
according to the processing condition included in the in-
put information, thereby setting each value of the low
fluence FL and the high fluence FH. Alternatively, the
memory unit 85 may store a function in which the
processing condition is a variable and which calculates
each value of the low fluence FL and the high fluence FH
from the processing condition, and the fluence setting
unit 87 may calculate and set the low fluence FL and the
high fluence FH using this function. The details of setting
the low fluence FL and the high fluence FH in the fluence
setting unit 87 are described below.

[0041] The switching unit 88 switches the pulse laser
beam 71 output from the irradiation device between low
fluence FL and high fluence FH based on the switching
conditions set by the switching condition setting unit 86.
The switching unit 88 of this embodiment receives data
indicating the number or the area of the protrusions 20
on the surface of the target layers from the image
processing device 92, and compares the number or the
area of the protrusions 20 with the threshold value set
by the switching condition setting unit 86. When the
switching unit 88 determines through the comparison that
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switching from the low fluence FL to the high fluence FH
or from the high fluence FH to the low fluence FL is nec-
essary, the switching unit 88 outputs an operation com-
mand to the irradiation control unit 83 to switch the flu-
ence of the pulse laser beam 71. Specifically, based on
specific values of the low fluence FL or the high fluence
FH set by the fluence setting unit 87, the switching unit
88 generates an operation command using a numerical
control program and outputs the operation command to
the irradiation control unit 83 so that the fluence of the
pulse laser beam 71 at an irradiation point becomes a
predetermined value.

[0042] The memory unit 85 stores the CAM data, the
input information sent from the input unit 81, the numer-
ical control program, the database, and the function or
the like used by the switching condition setting unit 86
and the fluence setting unit 87.

[0043] The irradiation control unit 83 controls each
component of the laser processing device 1 according
to the operation commands sent from the numerical con-
trol unit 82. When switching the pulse laser beam 71 be-
tween the low fluence FL and the high fluence FH, the
pulse laser beam 71 can be adjusted to the desired flu-
ence by controlling the laser oscillator 2 to change output
pulse energy of the pulse laser beam 71, or by controlling
the optical system 3 or the condensing lens 52 to change
the spot diameter of the pulse laser beam 71.

Ill. Setting of Fluence

[0044] The fluence setting by the fluence setting unit
87 is described in more detail below. In this embodiment,
the fluence setting unit 87 sets the values of the low flu-
ence FL and the high fluence FH based on the predeter-
mined processing condition. Examples of processing
conditions include the material of the workpiece 10, the
scanning speed of the pulse laser beam 71, and the rep-
etition frequency of the pulse laser beam 71.

[0045] Inthis embodiment, the value of the low fluence
FL is set to be equal to or greater than a laser ablation
threshold value based on the material of the workpiece
10. The laser ablation threshold value is a lower limit on
the fluence required to remove the material of the target
layers. If the fluence is too low, the efficiency of process-
ing the target layers will decrease, and if the fluence is
too high, the quality of the processing will deteriorate.
Specifically, if the fluence is too high, micropores will be
formed on the processed surface due to thermal effect,
resulting in an increase in surface roughness, changes
in material properties such as hardness and material dis-
tortion will occur, and spatter (material particles scattered
from the irradiation point of the pulse laser beam 71 or
its surroundings) generated duringirradiation of the pulse
laser beam 71 will increase.

[0046] Further, itis preferable that the value of the low
fluence FL be setin consideration of the scanning speed
and the repetition frequency of the pulse laser beam 71.
Specifically, when the value of the low fluence FL is set
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during processing with respect to spot spacing deter-
mined by the scanning speed and the repetition frequen-
cy of the pulse laser beam 71, it is preferable that a
processing effect at the set value of the low fluence FL
remain unchanged. For example, the value of the low
fluence FL can be adjusted in such a manner that the
value of the low fluence FL is set to be equal to or greater
than the laser ablation threshold value of the material of
the target layers, and in such a manner that the process-
ing effect at the low fluence FL set during the processing
does not change with respect to the spot spacing deter-
mined based on the scanning speed and the repetition
frequency of the pulse laser beam 71. In this regard, the
"processing effect" in the present invention refers to an
energy consumption amount for processing per unit vol-
ume using the pulse laser beam 71 applied to a region
on the targetlayers. In other words, the processing effect
by the value of the low fluence FL refers to an energy
consumption amount for processing per unit volume us-
ing the pulse laser beam 71 applied to a region on the
target layers at the low fluence FL.

[0047] Eachlayerofthe targetlayersisraster-scanned
or vector-scanned with the pulse laser beam 71 at a pre-
determined spot spacing. Here, the "spot spacing" refers
to a distance between centers of two adjacent irradiation
spots along a scanning direction of the pulse laser beam
71 (the scanning direction is a direction of movement of
the irradiation spots on the target layers). The spot spac-
ing is determined by the scanning speed and the repeti-
tion frequency of the pulse laser beam 71. For example,
the larger the repetition frequency and the slower the
scanning speed, the smaller the spot spacing becomes
and the larger an overlap area between adjacent irradi-
ation spots becomes. In the overlap area between irra-
diation spots, the thermal effect on a layer irradiated with
the pulse laser beam 71 and on the material beneath the
irradiated layer is greater than the thermal effect in areas
other than the overlap area, and thus the precision of the
processed surface is likely to be degraded due to the
thermal effect. In the above configuration, when the spot
spacing is relatively small (i.e., the overlap area is large),
the value of the low fluence FL can be set to a small value
to suppress the thermal effect on the overlap area be-
tween the irradiation spots.

[0048] On the other hand, when the protrusions 20 are
generated on the surface of the target layers as process-
ing of the layers progresses, in many cases, it is difficult
to remove the protrusions 20 by irradiation with the pulse
laser beam 71 at the low fluence FL suitable for process-
ing of the target layers. For example, in the workpiece
10 made of alloy steel, the protrusions 20 having an oval-
shaped cross section are generated due to an inclusion
contained in the alloy steel, i.e., a base material, but the
laser ablation threshold value of the inclusion is much
higher than the laser ablation threshold value of the alloy
steel. This makes it difficult to remove the protrusions 20
by irradiation with the pulse laser beam 71 at the low
fluence FL suitable for the target layers. Therefore, once
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the protrusions 20 are generated, the protrusions 20 grow
in the depth direction as the target layers are sequentially
processed. In this explanation, the "inclusion” refers to a
minute amount of a non-metallic compound that is inev-
itably mixed into alloy steel during its manufacturing proc-
ess and is difficult to remove. The inclusion in the alloy
steel usually has a particle size of several um to several
tens of um and is contained in an irregular distribution in
the alloy steel, i.e., the base material. Examples of such
inclusions may be an oxide inclusion such as Al,0g,
MgO, and CaO, a sulfide inclusion such as MnS and CaS,
or a nitride inclusion such as TiN and NbN.

[0049] The highfluence FHis settoahighervalue than
the low fluence FL in order to remove the protrusions 20
generated as described above. When the high fluence
FH is a times higher than the low fluence FL (i.e., FH =
a X FL), forexample, 2 <a <20, specifically, for example,
a=2,3,4,56,7,8,9, 10, 11, 12, 13, 14, 15, 16, 17,
18, 19, 20, and a maybe in the range between any two
of the values illustrated here. In order to achieve both
removal efficiency of protrusions 20 and suppression of
the thermal effect on the material, it is preferable to set
the high fluence FH to be 7 < a < 15. When the material
of the workpiece 10 is alloy steel, it is preferable that the
high fluence FH be set equal to or greater than the laser
ablation threshold value of the inclusion in order to effi-
ciently remove the protrusions 20 originating from the
inclusion. Furthermore, when the value of the high flu-
ence FH is set during processing with respect to spot
spacing determined by the scanning speed and repetition
frequency of the pulse laser beam 71, itis preferable that
a processing effect at the set value of the high fluence
FH remain unchanged. In this regard, the processing ef-
fectby the value of the high fluence FH refers to an energy
consumption amount for processing per unit volume us-
ing the pulse laser beam 71 applied to a region on the
target layers at the high fluence FH.

IV. Processing Method of Workpiece 10

[0050] Referring to Figs. 3A to 6, a processing method
of the workpiece 10 using the laser processing device 1
of this embodiment will be described. As an example of
the processing by the laser processing device 1, a case
of forming a bottomed hole 10a on the workpiece 10
shown in Fig. 3A and Fig. 3B will be described. The work-
piece 10 is made of alloy steel, and the bottomed hole
10a to be formed has a rectangular opening having the
size of W1XW2 in a plan view and has a depth of D.

[0051] As shown in Fig. 6, prior to processing, an op-
erator inputs conditions such as the material of the work-
piece 10, the scanning speed of the pulse laser beam
71, and the repetition frequency of the pulse laser beam
71 into the input unit 81 (Step S1). The input unit 81 re-
ceives the input information and sends it to the numerical
control unit 82. The fluence setting unit 87 sets the values
of the low fluence FL and the high fluence FH based on
the processing conditions. The switching condition set-
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ting unit 86 sets the switching condition of the fluence of
the pulse laser beam 71 based on the condition of the
workpiece 10 (Step S2). The numerical control unit 82
generates operation commands for each component of
the laser processing device 1 and sends them to the ir-
radiation control unit 83.

[0052] Inthis embodiment, the target portion is divided
into ntargetlayers L4, L, L3, ...... L,, from the top surface
side of the workpiece 10. In this regard, the thickness of
each of the target layers L4, Ly, Lg, ...... L,, may be the
same or different from each other.

[0053] At the start of processing, the laser processing
device 1 irradiates the workpiece 10 with the pulse laser
beam 71 at the low fluence FL to sequentially process
the target layers L4, Ly, Ls, ....... (Step S3). Specifically,
as shown in Fig. 4A, the first (top) target layer L, is irra-
diated with the pulse laser beam 71 at the low fluence
FL to process the layer L. Next, as shown in Fig. 4B, the
second target layer L, located directly below the layer L,
is irradiated with the pulse laser beam 71 at the low flu-
ence FL to process the layer L,. The same operation is
repeated for the third and subsequent target layers Lj,
L,.... to process the layers sequentially in the depth di-
rection.

[0054] Next, the imaging device 91 acquires an image
of the target layers on the workpiece 10 (Step S4). The
image processing device 92 analyzes the acquiredimage
to acquire a numerical value N representing the number
of the protrusions 20 on the surface of the target layers
(Step S5). In this regard, the image acquisition of the
target layers by the imaging device 91 may be performed
each time the processing of a predetermined number of
target layers is completed, or each time the processing
of a predetermined thickness of the target layers in the
depth direction is completed, or each time the processing
by irradiation at the low fluence FL progresses for a pre-
determined duration.

[0055] The switching unit 88 compares the number N
of the protrusions 20 with a threshold value TH set by
the switching condition setting unit 86 (Step S6). If the
number N of the protrusions 20 is equal to or less than
the threshold value TH, the switching unit 88 determines
that switching to the high fluence FH is unnecessary, and
processing of the target layers by irradiation at the low
fluence FL is continued. Ifthe number N of the protrusions
20 is greater than the threshold value TH, the switching
unit 88 determines that switching to the high fluence FH
is necessary, and outputs an operation command to the
irradiation control unit 83 to switch the fluence of the pulse
laser beam 71 to the high fluence FH.

[0056] Afterswitchingthe fluence, the laser processing
device 1 irradiates the protrusions 20 with the pulse laser
beam 71 at the high fluence FH to remove the protrusions
20 generated on the surface of the target layers (Step
S7). When the protrusions 20 are generated on a k-th
targe layer L, as shown in Fig. 5A, the target layer L, is
irradiated with the pulse laser beam 71 atthe high fluence
FH. This causes the protrusions 20 to be removed along
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with the target layers.

[0057] Next, the imaging device 91 acquires animage
of the target layers on the workpiece 10 (Step S8). The
image processing device 92 analyzes the acquired image
to acquire the number N of the protrusions 20 on the
surface of the target layers (Step S9). In this regard, the
image acquisition of the target layers by the imaging de-
vice 91 may be performed each time the processing of
a predetermined number of target layers is completed,
oreachtime the processing of a predetermined thickness
of the target layers in the depth direction is completed,
or each time the processing by irradiation at the high
fluence FH progresses for a predetermined duration.
[0058] The switching unit 88 compares the number N
of the protrusions 20 with the threshold value TH set by
the switching condition setting unit 86 (Step S10). If the
number N of the protrusions 20 is greater than the thresh-
old value TH, the removal of the protrusions 20 by irra-
diation at the high fluence FH is continued. If the number
N of the protrusions 20 is equal to or less than the thresh-
old value TH, the switching unit 88 determines that
switching to the low fluence FL is necessary, and outputs
an operation command to the irradiation control unit 83
to switch the fluence of the pulse laser beam 71 to the
low fluence FL.

[0059] Before the switching to the low fluence FL is
made by the switching unit 88, one or more target layers
are irradiated with the pulse laser beam 71 at the high
fluence FH. After the switching to the low fluence FL, the
target layers are processed sequentially by irradiating
the target layers with the pulse laser beam 71 at the low
fluence FL again. For example, when m target layers
including the layer Lk are irradiated with the pulse laser
beam 71 atthe high fluence FH to remove the protrusions
20, and then the switching to the low fluence FL is made
by the switching unit 88, as shown in Fig. 5B, (k+m)-th
and subsequent target layers Ly, Lg+m+1s --- @re irradi-
ated with the pulse laser beam 71 at the low fluence FL
to sequentially process the target layers.

[0060] By repeating the above process through the n-
th target layer L, the bottomed hole 10a with the desired
depth D can be formed as shownin Fig. 4C. In this regard,
in order to improve the precision of the processed surface
of the bottomed hole 1043, it is preferable to perform the
final processing (i.e., the processing of the portion includ-
ing at least the n-th target layer L) by irradiation at the
low fluence FL to complete the processing.

V. Advantageous Effects

[0061] In this embodiment, the control device 8 of the
laser processing device 1 includes the switching unit 88
and the switching condition setting unit 86. Based on the
switching condition set by the switching condition setting
unit 86, the switching unit 88 switches the pulse laser
beam 71 between the low fluence FL and the high fluence
FH. When the protrusions 20 are generated on the target
layers as the processing of the layers progresses using
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the irradiation at the low fluence FL, it is possible to re-
move the protrusions 20 by switching to the high fluence
FH. After removing the protrusions 20, it is possible to
switch to the low fluence FL and continue the processing
of the target layers, thereby minimizing the processing
of the target layers at the high fluence FH and reducing
the precision of the processed surface due to the thermal
effect on the material. In addition, since some layers of
the target layers are irradiated with the pulse laser beam
71 at the high fluence FH, the total processing time is
reduced compared to the case where the processing is
performed only with the irradiation at the low fluence FL.
[0062] In addition, the laser processing device 1 in-
cludes the imaging device 91 for acquiring images of the
target layers and the image processing device 92 for an-
alyzing the images and detecting the protrusions 20, and
the switching unit 88 switches the pulse laser beam 71
between the low fluence FL and the high fluence FH
based on the detection result of the protrusions 20. Since
the generation of the protrusions 20 can be monitored in
real time, when the protrusions 20 are generated, the
process can be immediately switched to high fluence FH
to remove them and prevent the protrusions 20 from
growing. In addition, after the removal of the protrusions
20 is completed, it is possible to immediately switch to
the low fluence FL to suppress the thermal effect on the
material.

VI. Other Embodiments

[0063] The present invention may also be implement-
ed in the following manner.

[0064] < Modification 1 and Modification 2>

[0065] Inthe embodiment described above, the imag-
ing device 91 acquires images of the target layers, the
image is analyzed by the image processing device 92 to
detect the protrusions 20, and the switching unit 88
switches the fluence of the pulse laser beam 71 by com-
paring the detection result of the protrusions 20 with the
threshold value set by the switching condition setting unit
86. The configuration of the switching unit 88 and the
switching condition setting unit 86 is not limited to this
configuration, but may be configured in other ways.
[0066] In the modification 1, the switching condition
setting unit 86 may be configured to set a numerical value
NL representing the number of target layers to be proc-
essed at the low fluence FL and a numerical value NH
representing the number of target layers to be processed
at the high fluence FH as the switching condition, and
the switching unit 88 may be configured to switch the
pulse laser beam 71 from the low fluence FL to the high
fluence FH based on the number NL of the target layers
to be processed at the low fluence FL, and to switch the
pulse laser beam 71 from the high fluence FH to the low
fluence FL based on the number NH of the target layers
to be processed at the high fluence FH. Specifically, after
the laser processing device 1 starts the processing to
irradiate the target layers with the pulse laser beam 71
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atthe low fluence FL, when the processing of the number
NL of the target layers is completed, the switching unit
88 switches the pulse laser beam 71 from the low fluence
FL to the high fluence FH. Furthermore, when the laser
processing device 1 has processed the target layers us-
ing the pulse laser beam 71 at the high fluence FH and
thereby the number of processed layers has reached the
number NH, the switching unit 88 switches the pulse laser
beam 71 from the high fluence FH to the low fluence FL.
Thereafter, the processing of the NL target layers using
the irradiation at the low fluence FL, and the processing
of the NH target layers using the irradiation at the high
fluence FH are repeated until the bottomed hole 10a hav-
ing the desired depth D is formed.

[0067] In the modification 2, the switching condition
setting unit 86 may be configured to set a low fluence
processing depth DL and a high fluence processing depth
DF as the switching condition, and the switching unit 88
may be configured to switch the pulse laser beam 71
from the low fluence FL to the high fluence FH based on
the low fluence processing depth DL and to switch the
pulse laser beam 71 from the high fluence FH to the low
fluence FL based on the high fluence processing depth
DF. Specifically, after the laser processing device 1 starts
the processing toirradiate the target layers with the pulse
laserbeam 71 at the low fluence FL, when the processing
of the target layers has progressed to the depth DL, the
switching unit 88 switches the pulse laser beam 71 from
the low fluence FL to the high fluence FH. Furthermore,
when the laser processing device 1 has processed the
target layers using the pulse laser beam 71 at the high
fluence FH to the depth DF, the switching unit 88 switches
the pulse laser beam 71 from the high fluence FH to the
low fluence FL. Thereafter, the processing of the target
layers to the depth DL using the irradiation at the low
fluence FL and the processing of the target layers to the
depth DH using the irradiation at the high fluence FH are
repeated until the bottomed hole 10a with the desired
depth D is formed.

[0068] Points of origin of the protrusions 20 are gen-
erated each time the processing of the target layers for
agiven depth, and the distribution of such points of origin
in the depth direction differs depending on the material
of the workpiece 10 which is the processing condition.
Therefore, by performing an experimental processing for
various materials as a preliminary investigation to inves-
tigate the distribution of the points of origin of the protru-
sions 20, it is possible to optimize each value of the
number NL of the target layers to be processed at the
low fluence, the number NH of the target layers to be
processed at the high fluence, the low fluence processing
depth DL, and the high fluence processing depth DF. In
the above example, an optimal value of the number NL
of the target layers to be processed at the low fluence
and an optimal value of the number NH ofthe targetlayers
to be processed at the high fluence optimized for each
material, or an optimal value of the low fluence process-
ing depth DL and an optimal value of the high fluence
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processing depth DF optimized for each material are
storedin the memory unit 85 as a database ora numerical
control program, and the switching condition setting unit
86 reads out each value corresponding to the material
of the workpiece 10 included in the input information. This
makes it possible to setthe number NL of the targetlayers
to be processed at the low fluence and the number NH
of the target layers to be processed at the high fluence,
or the low fluence processing depth DL and the high flu-
ence processing depth DF.

[0069] The modification 1 and the modification 2 are
configured to switch the fluence based on the number
NL of the target layers to be processed at the low fluence
and the number NH of the target layers to be processed
at the high fluence, or the low fluence processing depth
DL and the high fluence processing depth DF. In this
configuration, itis possible to remove the generated pro-
trusions 20 at a relatively early stage to avoid the growth
of the protrusions 20 and to suppress the degradation of
the precision of the processed surface due to the thermal
effect on the material. In the above example, monitoring
by the imaging device 91 and the image processing de-
vice 92 is not required during actual processing.

<Modification 3>

[0070] In the embodiment described above, each val-
ue of the low fluence FL and the high fluence FH is set
to a fixed value in the processing to form the bottomed
hole 10a. The setting of the low fluence FL and the high
fluence FH is not limited to this, and two or more fluences
may be set as the low fluence FL and the high fluence
FH, respectively. For example, the irradiation device may
be configured to perform irradiation with the pulse laser
beam 71 at a first high fluence FH1 and a second high
fluence FH2 which is lower than the first high fluence
FH1, as the high fluence. The switching unit 88 may be
configured to switch the pulse laser beam 71 output from
the irradiation device among the low fluence FL, the first
high fluence FH1, and the second high fluence FH2
based on the switching condition.

[0071] Specifically, the switching unit 88 switches the
pulse laser beam 71 to the first high fluence FH1 when
switching from the low fluence FL in order to remove the
protrusions 20. After at least a part of the protrusions 20
isremoved by irradiating the protrusions 20 with the pulse
laser beam 71 at the first high fluence FH1, the pulse
laser beam 71 is switched to the second high fluence
FH2, which is lower than the first high fluence FH1, to
completely remove the protrusions 20 by irradiating the
protrusions 20 at the second high fluence FH2. In this
regard, the switch from the first high fluence FH1 to the
second high fluence FH2 may be performed based on
the switching condition, and the switching condition may
be setbased on the number or the area of the protrusions
20 generated on the surface of the target layers. Alter-
natively, the switch to the second high fluence FH2 may
be made when the processing at the first high fluence
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FH1 has progressed to a predetermined number of layers
or a predetermined depth of the target layers.

[0072] In the modification 3, the high fluence FH is set
at two levels, and the fluence is switched to the second
high fluence FH2, which is relatively low, when at least
a portion of the protrusions 20 have been removed. This
makes it possible to efficiently remove the protrusions 20
while more effectively suppressing the thermal effect on
the material of the workpiece 10.

[0073] <Modification 4>

[0074] When irradiating the same target layer with the
pulse laser beam 71, a spot diameter of the pulse laser
beam 71 may be varied. An irradiation manner of the
modification 4 for irradiating the target layer Lk shown in
Fig. 7 with the pulse laser beam 71 is now described.
The target layer L, includes a first region R1, which is a
region adjacent to edges, and a second region R2, which
is a different region from the first region R1. Specifically,
aregion along outer edges of the targetlayer Lk is defined
as the first region R1, and a region located inward with
respect to the first region R1 is defined as the second
region R2. The control device 8 controls the laser
processing device 1 so that when the irradiation with the
pulse laser beam 71 is performed at the low fluence FL
or the high fluence FH, a spot diameter H1 of an irradi-
ation spot SP1 of the pulse laser beam 71 applied to the
firstregion R1 becomes smaller than a spot diameter H2
of an irradiation spot SP2 of the pulse laser beam 71
applied to the second region R2. Here, in both of the
irradiation at the high fluence FH and the irradiation at
the low fluence FL, the pulse laser beam 71 applied to
the first region R1 and the pulse laser beam 71 applied
to the second region R2 are set to have equal fluence.
The laser processing device 1 may be controlled so that
the irradiation spot SP1 and the irradiation spot SP2 of
the pulse laser beam 71 are overlapped at a boundary
between the first region R1 and the second region R2.
[0075] For example, when irradiating the first region
R1 with the pulse laser beam 71 at the low fluence FL,
the control device 8 controls the optical system 3 or the
condensing lens 52 to adjust the beam diameter to
achieve the desired spot diameter H1, and controls the
laser oscillator 2 to adjust the output pulse energy to set
the pulse laser beam 71 at the low fluence FL. Further-
more, when irradiating the second region R2 with the
pulse laser beam 71 at the low fluence FL, the control
device 8 controls the optical system 3 or the condensing
lens 52 to adjust the beam diameter to achieve the de-
sired spot diameter H1 of the pulse laser beam 71, and
controls the laser oscillator 2 to adjust the output pulse
energy to set the pulse laser beam 71 at the low fluence
FL.

[0076] In the modification 4, by irradiating the first re-
gion R1, which is adjacent to the edges, using the pulse
laser beam 71 with a relatively small spot diameter H1,
it is possible to process the edges of the target layer Lk,
especially corners thereof, in high precision. On the other
hand, by irradiating the second region R2, which is dif-
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ferent from the first region R1, using the pulse laser beam
71 having arelatively large spotdiameter H2, itis possible
to improve the processing efficiency. In addition, since
thefirstregion R1and the second region R2 are irradiated
with the pulse laser beam 71 at the equal fluence, preci-
sion of the processed surface within the same layer Lk
can be maintained at an approximately constant level.

<Other Embodiments>

[0077] While the formation of the bottomed hole is de-
scribed as an example in the embodiment described
above, the target shape by applying the laser processing
method of the present invention is not limited thereto.
Furthermore, the laser processing method of the present
invention is also applicable, for example, to the formation
of agroove shape and surface finishing. Here, the groove
shape refers to a shape in which at least one of the four
sides of a recess is open.

[0078] Furthermore, while the workpiece 10 made of
alloy steel is processed in the embodiment described
above, the material of the workpiece 10 to which the laser
processing method of the present invention is applied is
not limited thereto. For example, the laser processing
method of the present invention is applicable to other
metal materials such as carbon steel or resin materials.
[0079] In the embodiment described above, the flu-
ence of the pulse laser beam 71 from one laser oscillator
2 is switched between the low fluence FL and the high
fluence FH by changing the output pulse energy or the
spot diameter. However, switching manner of the fluence
is not limited to this. For example, two irradiation devices
consisting of the laser oscillator 2, the optical system 3,
and the scanning device 4 may be installed. In this case,
afirst pulse laser beam from one irradiation device is set
at the low fluence FL and a second pulse laser beam
from the other irradiation device is set at the high fluence
FH. The fluence can be switched by switching the two
irradiation devices by the irradiation control unit 83.

Example

[0080] Hereinafter, the details of the present invention
will be described using examples. The present invention
is not limited to the following examples.

[0081] Using the laser processing device 1, the ul-
trashort pulse laser processing was performed for the
workpiece 10 to form the bottomed hole 10a, and the
condition of the processed surface of the bottomed hole
10awas observed. In Example 1, the workpiece 10 made
of SUS304 is irradiated with the pulse laser beam 71
(wavelength: 515 [nm], frequency: 200 [kHz]) having a
pulse width of 410 [fs] by raster scanning at the scanning
speed of 500 [mm/s], spot diameter of 9[um], spot spac-
ing of 2.5 [um], and line spacing 2.5 [m]. Here, the line
spacing refers to the distance between the centers of two
adjacent irradiation spots in the horizontal one-axis di-
rection orthogonal to the scanning direction of the pulse
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laser beam 71 in raster scanning.

[0082] The low fluence FL was set to 0.63 [J/cm?], the
processing depth per target layer was set to 0.36 [um]
in the irradiation at the low fluence FL, and the target
layers were sequentially processed by the irradiation with
the pulse laser beam 71. The high fluence FH was set
to 6.3 [J/cm?], the processing depth per target layer was
set to 1.5 [wm] in the irradiation at the high fluence FH,
and the protrusions 20 on the target layers are removed
by the irradiation with the pulse laser beam 71. The
number NL of the target layers to be processed at the
low fluence was setto 50 and the number NH of the target
layers to be processed at the high fluence was set to 5.
Based on the number NL of the target layers to be proc-
essed at the low fluence and the number NH of the target
layers to be processed atthe high fluence, the processing
of the target layers was repeated while the fluence of the
pulse laser beam 71 was switched between the low flu-
ence FL and the high fluence FH by the switching unit
88. The 50 layers constituting the lowest part of the bot-
tomed hole 10a were processed by irradiation at the low
fluence FL to complete the processing. Consequently,
the bottomed hole 10a having a substantially square
opening of 10001000 [wm]in a plan view and the depth
of 481 [um] was obtained.

[0083] In Comparative Example 1, irradiation at the
high fluence FH was not performed, and the processing
was performed by irradiation with the pulse laser beam
71 only at the low fluence FL. The low fluence FL was
set to 0.63 [J/cm?], the processing depth per layer was
set to 0.36 [um], and the target layers were sequentially
processed by the irradiation with the pulse laser beam
71. The other conditions were set in the same way as in
Example 1. The bottomed hole 10a having a substantially
square opening of 1000 1000 [.m] and the depth of 477
[wm] was obtained.

[0084] InComparative Example 2, irradiation atthe low
fluence FL was not performed, and the processing was
performed by irradiation with the pulse laser beam 71
only at the high fluence FH. The high fluence FH was set
to 6.3 [J/cm?], the processing depth per layer was set to
1.5 [um], and the target layers were sequentially proc-
essed by the irradiation with the pulse laser beam 71.
The other conditions were set in the same way as in Ex-
ample 1. The processing was completed by performing
only the high fluence step, and the bottomed hole 10a
having a substantially square opening of 10001000
[wm] and the depth of 468 [um] was obtained.

[0085] Fig.8A andFig. 8B areimages ofthe processed
surface of the bottomed hole 10a in Example 1 and Com-
parative Example 1, respectively and were obtained by
imaging the bottomed hole 10a from above. In the bot-
tomed hole 10a of Example 1, only a few protrusions 20
were observed on a bottom and side surfaces. The arith-
metic average roughness Ra, whichis anindexof surface
roughness, of the processed surface was approximately
0.13 pm, and a relatively high-precision processed sur-
face was obtained. In this regard, the arithmetic average
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roughness Ra was measured in accordance with JIS B
0601-2001. On the other hand, in the bottomed hole 10a
of Comparative Example 1, alarge number of protrusions
20 were observed on the bottom and side surfaces, and
the arithmetic average roughness Ra of the processed
surface was approximately 2.0 pm.

[0086] Fig. 9Ais an image of the processed surface of
the bottomed hole 10a formed in Comparative Example
2 and was obtained by imaging the bottomed hole 10a
from above. Fig. 9B is an enlarged image of a region B
in Fig. 9A. In the bottomed hole 10a of Comparative Ex-
ample 2, almost no protrusions 20 were observed on the
bottom and side surfaces. However, a large number of
micropores caused by thermal influence were observed
on the processed surface, and the arithmetic average
roughness Ra of the processed surface was approxi-
mately 0.26 pm.

[0087] Various embodiments according to the present
invention have been described above, and these are pre-
sented as examples and are not intended to limit the
scope of the invention. The novel embodiment can be
implemented in various other forms, and various omis-
sions, replacements, and changes can be made without
departing from the gist of the invention. The embodiment
and its modifications are included in the scope and gist
of the invention and are included in the scope of the in-
vention described in the claims and the equivalent scope
thereof.

Reference Signs List
[0088]

1: laser processing device
2: laser oscillator

3: optical system

4: scanning device

8: control device

10: workpiece

10a: bottomed hole

20: protrusion

41: first galvanometer mirror
42: second galvanometer mirror
51: beam splitter

52: condensing lens

53: imaging lens

71: pulse laser beam

72: reflected light

81: input unit

82: numerical control unit
83: irradiation control unit
84: arithmetic unit

85: memory unit

86: switching condition setting unit
87: fluence setting unit

88: switching unit

91: imaging device

92: image processing device
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93: CAD device
94: CAM device

Claims

1.

A laser processing device, comprising:

an irradiation device; and
a control device, wherein

the irradiation device is configured to se-
quentially process one or more target layers
in a workpiece by irradiating the target lay-
ers with a pulse laser beam having a pulse
width of less than 10 picoseconds at a pre-
determined low fluence, and to remove a
protrusion generated on a surface of the tar-
get layers by irradiating the protrusion with
the pulse laser beam at a high fluence high-
er than the low fluence,

the control device includes a switching unit
and a switching condition setting unit,

the switching unit switches fluence of the
pulse laser beam from the irradiation device
between the low fluence and the high flu-
ence based on a switching condition,

the switching condition setting unit sets the
switching condition based on condition of
the workpiece.

2. Thelaser processing device of Claim 1, further com-

prising:

an imaging device configured to acquire an im-
age of the target layers; and

an image processing device configured to ana-
lyze the image to detect the protrusion on the
surface of the target layers, wherein

the switching unit switches the pulse laser beam
between the low fluence and the high fluence
based on a detection result of the protrusion.

The laser processing device of Claim 2, wherein
the image processing device analyzes the image to
acquire area or the number of the protrusion on the
surface of the target layers.

The laser processing device of Claim 1, wherein

the switching condition setting unit sets the
number of target layers to be processed at the
low fluence and the number of target layers to
be processed at the high fluence as the switch-
ing condition, and

the switching unit switches the pulse laser beam
from the low fluence to the high fluence based
on the number of the target layers to be proc-
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essed at the low fluence, and switches the pulse
laser beam from the high fluence to the low flu-
ence based on the number of the target layers
to be processed at the high fluence.

5. The laser processing device of Claim 1, wherein

the switching condition setting unit sets a low
fluence processing depth and a high fluence
processing depth as the switching condition,
and

the switching unit switches the pulse laser beam
from the low fluence to the high fluence based
on the low fluence processing depth and switch-
es the pulse laser beam from the high fluence
to the low fluence based on the high fluence
processing depth.

6. The laser processing device of any one of Claims 1

to 5, wherein

the irradiation device is configured to perform
irradiation with the pulse laser beam at a first
high fluence and at a second high fluence as the
high fluence, the second high fluence being low-
er than the first high fluence, and

the switching unit is configured to switch the flu-
ence of the pulse laser beam from the irradiation
device between the low fluence, the first high
fluence, and the second high fluence based on
the switching condition.

7. The laser processing device of any one of Claims 1

to 6, wherein

the control device includes a fluence setting unit,
the fluence setting unit sets each value of the
high fluence and the low fluence based on a
processing condition, and

the processing condition includes material of the
workpiece.

The laser processing device of Claim 7, wherein
the processing condition further includes a scanning
speed and a repetition frequency of the pulse laser
beam.

The laser processing device of any one of Claims 1
to 8, wherein

each of the target layers includes a first region
and a second region, the first region being a re-
gion adjacent to an edge of the target layers, the
second region being a different region from the
first region,

a spot diameter of the pulse laser beam applied
to the first region is smaller than a spot diameter
of the pulse laser beam applied to the second
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region, and

the pulse laser beam applied to the first region
and the pulse laser beam applied to the second
region are set to have equal fluence.

10. The laser processing device of any one of Claims 1
to 9, wherein

the target layers are formed of alloy steel con-
taining an inclusion in a base material, and 10
the high fluence is equal to or greater than a
laser ablation threshold value of the inclusion.

11. The laser processing device of any one of Claims 1
to 10, wherein 15

the irradiation device includes a laser oscillator,

and

the laser processing device is configured to
switch the fluence of the pulse laser beam be- 20
tween the low fluence and the high fluence by
changing output pulse energy of the laser oscil-
lator.

12. The laser processing device of any one of Claims 1 25
to 11, wherein
the laser processing device is configured to switch
the fluence of the pulse laser beam between the low
fluence and the high fluence by changing a spot di-
ameter of the pulse laser beam. 30
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